Abstract-Phlorotannins are ubiquitous secondary metabolites in brown algae that are phenotypically plastic and suggested to have multiple ecological roles. Traditionally, phlorotannins have been quantified as total soluble phlorotannins. Here, we modify a quantification procedure to measure, for the first time, the amount of cell-wall-bound phlorotannins. We also optimize the quantification of soluble phlorotannins. We use these methods to study the responses of soluble and cell-wall-bound phlorotannin to nutrient enrichment in growing and nongrowing parts of the brown alga Fucus vesiculosus. We also examine the effects of nutrient shortage and herbivory on the rate of phlorotannin exudation. Concentrations of cell-wall-bound phlorotannins were much lower than concentrations of soluble phlorotannins; we also found that nutrient treatment over a period of 41 days affected only soluble phlorotannins. Concentrations of each phlorotannin type correlated positively between growing and nongrowing parts of individual seaweeds. However, within nongrowing thalli, soluble and cell-wall-bound phlorotannins were negatively correlated, whereas within growing thalli there was no correlation. Phlorotannins were exuded from the thallus in all treatments. Herbivory increased exudation, while a lack of nutrients had no effect on exudation. Because the amount of cell-wall-bound phlorotannins is much smaller than the amount of soluble phlorotannins, the major function of phlorotannins appears to be a secondary one.
INTRODUCTION
Tannins are a subgroup of phenolic compounds that are produced as secondary metabolites by a host of diverse plant species. These water-soluble compounds differ from other phenolics in their ability to bind proteins (Stern et al., 1996; Strack, 1997; Harborne et al., 1999) . Tannins can be divided into soluble tannins, occurring in cytoplasm or within cell organelles, and insoluble tannins, bound to the cell wall (Strack et al., 1988; Peng et al., 1991) . Phlorotannins, a subgroup of tannins, are produced entirely by polymerization of phloroglucinol (1,3,5-trihydroxybenzene) (Ragan and Glombitza, 1986; Waterman and Mole, 1994; Arnold and Targett, 1998) , which is the product of the acetate-malonate pathway, also called the polyketide pathway (Waterman and Mole, 1994) .
Phlorotannins are known only from brown algae (Phaeophyceae), where soluble phlorotannins can constitute up to 25% dry weight (e.g., Targett et al., 1992; Van Alstyne et al., 1999) . They are suggested to have multiple ecological roles: some phlorotannins act as chemical defenses against herbivory (e.g., Steinberg, 1988; Targett and Arnold, 1998; Arnold and Targett, 2000; Pavia and Toth, 2000a) and as antifouling substances (Sieburth and Conover, 1965; Wikström and Pavia, 2004) , although the evidence for this function is equivocal (Jennings and Steinberg, 1997) . Concentrations of phlorotannins show phenotypic plasticity in response to environmental parameters, such as salinity, nutrient and light availability, ultraviolet irradiation, and intensity of herbivory (Yates and Peckol, 1993; Peckol et al., 1996; Pavia et al., 1997; Pavia and Toth, 2000b; Honkanen et al., 2002; Swanson and Druehl, 2002) . This implies that the pools of soluble phlorotannins are not stable but rather in a state of flux, and their concentration may be determined by the balance between rates of synthesis and turnover (Arnold and Targett, 2000) . Existing data on phlorotannins are based solely on soluble phlorotannins, which limits our knowledge of factors controlling their metabolism and degradation.
Soluble phlorotannins are stored in cell organelles, physodes, which are round to elliptical, highly mobile, vesicle-like, strongly refractive bodies observed in the cytoplasm of brown algae (Ragan and Glombitza, 1986; Schoenwaelder, 2002) . Phlorotannins are suggested to transform into components of the cell walls of brown algae when physodes fuse with the cell membrane and the phlorotannins are secreted into the cell wall, complexing finally with alginic acid (Arnold and Targett, 2003) . The cell walls of brown algae are mainly composed of polysaccharides: alginic acid, alginates (carboxylated polysaccharides, salts of alginic acid), and fucans (sulfated polysaccharides), which comprise up to 40% of the thallus dry weight (Mabeu and Kloareg, 1987; . Schoenwalder and Clayton (1998) have suggested that phlorotannins are likely to be integral structural components of brown-algal cell walls. There are few quantitative data on cell-wall-bound phenolics or their functional roles (but see Strack et al., 1989; Peng et al., 1991; Viriot et al., 1993) . One possible generalization is that phenolic compounds are bound into the cell wall during maturation (Peng et al., 1991) .
Resource availability is expected to have an impact on algal growth and secondary metabolism. Resource-based hypotheses assume that under conditions of good nutrient availability, the allocation of carbon will shift from the production of secondary metabolites to growth (e.g., Bryant et al., 1983; Herms and Mattson, 1992) . Often, negative correlations have been found between the contents of available nutrients and the production of soluble phenolic compounds, both in terrestrial plants (reviewed by Herms and Mattson, 1992) and brown algae, although much spatial and temporal variation in this relationship exists (e.g., Yates and Peckol, 1993; Steinberg, 1995; Peckol et al., 1996; Pavia and Toth, 2000b) . Variation in the contents of soluble phlorotannins has also been found among different parts of algae. In actively growing meristems, soluble phlorotannins have often been found in lower concentrations than in older vegetative parts (Jennings and Steinberg, 1997; Van Alstyne et al., 1999) .
In addition to soluble and cell-wall-bound phenolics, brown seaweeds release phlorotannins into the surrounding water directly via exudation (Carlson and Carlson, 1984; Ragan and Glombitza, 1986; Jennings and Steinberg, 1994; Toth and Pavia, 2000; Swanson and Druehl, 2002) . Phlorotannins may also be released indirectly as a consequence of grazing or tissue erosion. The occurrence of phlorotannin excretion in healthy, relatively unstressed algal tissues in situ has been confirmed in several studies (Sieburth and Jensen, 1969; Ragan and Jensen, 1979; Swanson and Druehl, 2002) . However, few data are available on quantities of exuded phlorotannins (but see Toth and Pavia, 2000) or on their ecological function.
In this study, we modified a quantification procedure for cell-wall-bound phlorotannins, optimized the quantification of soluble phlorotannins, and used these procedures to examine the contents of soluble, cell-wall-bound, and exuded phlorotannins in the brown alga Fucus vesiculosus (L.). In two manipulative experiments, we explored the environmental variation of these different types of phlorotannins. In the first, we compared the contents of phlorotannins between growing and nongrowing parts of the thallus in order to clarify the consequences of active growth for the dynamics of soluble vs. insoluble phlorotannins. We also tested the effect of nutrient enrichment. In the second experiment, we quantified the amount of exuded phlorotannins, and studied the effects of nutrient shortage and grazing action by the isopod Idotea baltica (Pallas) on the amount of exudation.
METHODS AND MATERIALS

Study Organisms
F. vesiculosus is a perennial, brown alga dominating the littoral rocky bottom of our study area in the Archipelago Sea, SW Finland. The thallus grows by dichotomous branching; it consists of both vegetative apices and, during the reproductive period, generative apices. F. vesiculosus has an apical meristem, so growth occurs only at the blade tips. Individuals live for many years, so most of the thallus is nongrowing tissue. In our study area, the alga has only one important herbivore, the isopod I. baltica; this is a generalist feeder, but prefers F. vesiculosus over other potential host species (Jormalainen et al., 2001) .
Experimental Growing Conditions of Algae
Effect of Ambient Nutrients on Soluble and Cell-Wall-Bound Phlorotannins in
Growing and Nongrowing Thalli. We conducted the study at the Archipelago Research Institute of the University of Turku (60 • 14 N, 21
• 40 E). On June 10, 1999, we collected 20 F. vesiculosus individuals from one population in the Archipelago Sea of Finland and randomly assigned them to 10 microcosms of 60 l, two individuals in each. Microcosms were located outdoors, with natural light and diurnal rhythm, and were protected from rainfall by a thin plastic cover, permeable to UV light; they had continuous seawater through-flow of 200 l/d. Five microcosms were randomly assigned to a nutrient-enrichment treatment, while the others served as controls. The fertilizer [nutrient content of dry mass: N 20% (NO 2 + NO 3 3.7%, NH 4 11.3%), P 2.0%, K 8.0%, Mg 1.0%, S 9.0%, B 0.03%, Fe 0.1% (Kemira, Agro OY)] was applied by automatic feeders, which added 0.03 g of the fertilizer into the pools three times a day. The mean (±SE, N = 2) content of total nitrogen, NO 2 + NO 3 , NH 4, and PO 4 (µg/l) in the control microcosms was 255 (±120.1), 6 (±3.4), 1 (±2.6), 8 (±11.8), and mean (±SE, N = 5) in the fertilized ones were 420 (±90.6), 12 (±1.8), 7 (±1.7), 25 (±8.7), respectively. Samples of water for chemical analysis were collected immediately after collecting the algae for the chemical analyses. We did not conduct statistical contrasts on nutrient concentrations due to low replication of control-tank measurements and, consequently, low statistical power. However, the existence of the treatment effect was confirmed because the algae responded to our manipulation. At the end of the experiment (20 July), we took samples for analyses of soluble and cell-wall-bound phlorotannins from each individual (now numbering 17: 9 individuals from the nutrient-enrichment treatment and 8 from the control), from both the apical parts that had grown during the experiment, and the older parts (nongrowing) of the thallus. Samples were freeze-dried, homogenized, and stored at -20
• C until analysis. Contents of soluble and cell-wall-bound phlorotannins were measured as described in subsequent paragraphs.
Effects of Nutrient Shortage and Herbivory on Exudation of Phlorotannins.
For this experiment, we collected four F. vesiculosus individuals, split each individual into three equal-sized pieces (approximately 40 g fresh weight), and placed them individually into plastic, transparent, 2.5-l aquaria. The aquaria were aerated and placed under greenhouse light (400 W sodium vapor lamps, Sylvania, MA, USA). Pieces of algae were randomized among three different treatments in such a way that one piece from each individual was assigned to each treatment. The first treatment was a control, to which nutrients were added every second day [c(NH 3 ) = 120 µg/l, V (added) = 1.5 ml; c(NO 3 ) = 40 µg/l, V (added) = 1.0 ml; c(PO 4 ) = 30 µg/l, V (added) = 0.75 ml] to maintain availability of nutrients during the experiment. In the second treatment, no nutrients were added. Because algae in closed aquaria, when light is not limiting, quickly deplete the ambient nutrients, the algae in this treatment faced a nutrient shortage. In the third treatment, five I. baltica individuals were placed in each aquarium to graze. As in the control, nutrients were made available by nutrient additions. The experiment was maintained for 14 d, after which the water from each aquarium was filtered (pore 0.45 µm diam.) and stored in dark bottles at 4
• C for a few days before a half-liter aliquot was taken from each sample, evaporated to an exact volume of 100 ml, and the amount of exuded phlorotannins measured as described subsequently.
Extraction and Quantification Methods
Optimizing Extraction Efficiency. Freeze dried and ground F. vesiculosus powder was extracted with eight different extractants ( Figure 1 ) to examine extraction efficiency of soluble phlorotannins. Three replicates for each extractant were extracted ×4 described as follows. Freeze dried and ground algal aliquots (200 mg dry weight) were weighed and placed into screw-top test tubes (16 mm diam. and length 100 mm). Samples were treated with 10 ml of extractant for 1 hr with continuous shaking, after which they were centrifuged (10 min at 3200g). Supernatants were collected and a fresh extractant aliquot was added. After the fourth extraction, supernatants from each replicate for a specific extractant-type were collected into one container, thus producing only one independent assessment for each extractant type. However, the sample thus obtained was composed of three independently weighed and extracted subsamples prior to pooling of the samples. After volatile solvents were removed in the fume hood, both aqueous extracts and insoluble residues in the extraction tubes were freeze dried. Freeze-dried extracts were dissolved in a known amount of water, their phlorotannin content was analyzed, and the residuals were stored in a freezer; the insoluble residues were also weighed and stored in the freezer. In a separate test, we tested the efficiency of the extraction of phlorotannins by performing consecutive extractions with 70% aqueous acetone and analyzing each extract separately.
Soluble Phlorotannins. Dried and ground aliquots (200 mg dry weight) from the first experiment were extracted ×4 (1 hr) with 10 ml of 70% aqueous acetone. Samples were centrifuged (10 min at 3200g), and the supernatants were combined. Acetone was removed in open air, and the aqueous extracts and insoluble residues in the extraction tubes were freeze dried. Extracts of soluble phlorotannins were dissolved in water (2 × 2.5 ml) and stored in a freezer. In order to remove the remaining soluble phlorotannins from the freeze-dried insoluble residues, they were treated (according to Strack, 1989) with the following solvents (10 ml) for 15 min with stirring followed by centrifugation (5 min at 2400g): (1) MeOH; (2-4) H 2 O; (5-9) MeOH; (10,11) Me 2 CO; (12, 13) Et 2 O. After this washing, the remaining insoluble residues (cell-wall fraction) were oven dried at 60
• C for 1 hr. Insoluble Phlorotannins. Phenolic compounds bind with four major types of bonds-hydrophobic, hydrogen, ionic, and covalent-in order of increasing strength (Appel, 1993) . Possible linkages between the cell wall (alginic acid) and phlorotannins are the ester bond and the hemiacetal bond, both of which are covalent, irreversible bonds, thus requiring strong conditions to degrade.
Cell-wall-bound phlorotannins were quantified with a modified alkalinedegradation method described by Strack et al. (1989) , which was originally developed to degrade phenolics other than phlorotannins. In addition to alkaline degradation, an acidic-degradation method (Peng et al., 1991) was tested: samples were treated with methanol hydrochloric acid (9:1, v/v) at 120
• C for 160 min. Preliminary tests showed alkaline degradation to be slightly more effective than acidic degradation (data not shown); we, therefore, chose to continue with the alkaline-degradation method. To modify the method to suit our purposes, we tested the reaction time, the strength of the sodium hydroxide (NaOH) solution, the number of repeats, and the volume of acid addition.
The total insoluble residue of the alga remaining after the extraction and washing of soluble phlorotannins was suspended in 8 ml of 1 M aqueous NaOH solution (80
• C) and stirred for 2.5 hr at room temperature. Samples were centrifuged (5 min at 2400g), and 1 ml aliquots were neutralized with 45 µl of H 3 PO 4 ; the remaining NaOH was discarded. The alkaline treatment was repeated ×4, with the aliquots of each treatment analyzed separately.
Spectrophotometric Determination of Phlorotannins. The contents of total phlorotannins in the extracts of soluble and cell-wall-bound phlorotannins were determined according to a modification of the Folin-Ciocalteu method (Waterman and Mole, 1994) , using phloroglucinol (ICN Biomedicals Inc.) as a standard agent. Samples were diluted taking into account the measurable range of the spectrophotometer [e.g., a 0.05 ml aliquot of extract of soluble phenolics (samples from the first experiment) was mixed with 4.95 ml water]. A 1.0 ml aliquot of the diluted sample was mixed in a test tube with 1.0 ml of 1 N Folin-Ciocalteu reagent (Merck). The mixture was allowed to stand for 3 min, after which 2.0 ml 20% Na 2 CO 3 were added. Samples were incubated in the dark at room temperature for 45 min and centrifuged for 8 min (1600g), after which the absorbance of the supernatant was measured at 730 nm on a Unicam Helios ε UV-VIS spectrometer. Total phenolic content is expressed as percent dry weight (soluble and cell-wall-bound phlorotannins) or as percent dry weight per day (exuded phlorotannins).
RESULTS
Method Development
Soluble Phlorotannins. The most efficient extractant was 70% aqueous acetone (Figure 1) . Quantitatively, most of the soluble phlorotannins (78% of the total amount in 13 consecutive extracts) were acquired during the first extraction (Figure 2a) . After the extraction tubes were allowed to stand in the refrigerator overnight, the amount of phlorotannins extracted (fifth and ninth repeat) was slightly higher than in the preceding extraction. On the basis of this result, we decided to use only four extractions, which could be completed in a single day. These four extractions yield 93.5-95% of the amount of soluble phlorotannins acquired with the 13 consecutive extracts. When analyzing soluble phlorotannins from ecological experiments, we used four extractions.
The amount of soluble phlorotannins from the first study (34 samples, pooled over all data) was 7.99% (±0.23). After extraction of soluble phlorotannins, before analyzing the insoluble ones, the residue was washed with several extractants in order to remove all remaining soluble phlorotannins. Extractants were combined and the mean content (±SE) of remaining soluble phlorotannins (34 samples, pooled over all data) was 0.36% (±0.03) of dry weight. Insoluble Phlorotannins. The alkaline degradation of cell-wall-bound phenolics originally included acid addition, i.e., the reduction of pH in the insoluble phenolics liquor aliquot from 13 to 2. The effect of pH on the amount of phlorotannins measured with the Folin-Ciocalteu method was tested with solutions rich in phlorotannins. The effect of this pH range on phlorotannin content is almost linear; the variation between the high and low ends of the range is about 2% in phloroglucinol units (Figure 3 ). Because soluble phlorotannin extracts were in distilled water, i.e., near neutral pH, we added acid to neutralize the solution of phlorotannins that were degraded from the cell wall in alkaline conditions. This allowed a comparison of the quantifications of these two phlorotannin fractions. The final results were obtained by combining the results of the first three treatments, since in the fourth repeat, they were no longer at a detectable level. Similar to soluble phlorotannins, most of the cell-wall-bound phlorotannins (68%) were released by the first alkaline treatment (Figure 2b) .
Experimental Growing Conditions of Algae Effect of Ambient Nutrients on Soluble and Insoluble Phlorotannins in Growing and Nongrowing
Thalli. The amount of phlorotannins in the cytoplasm was significantly higher than in the cell wall ( Figure 4 , Table 1 ). The average content of soluble phlorotannins was 8.0 ± 0.2% (mean ± SE), while that of insoluble FIG. 4 . Mean (±SE) content of soluble and cell-wall-bound phlorotannins from growing and nongrowing parts of algae grown in control or nutrient enrichment treatment. phlorotannins was only 0.84 ± 0.03%. The concentrations of both were lower in growing tissue than in nongrowing tissue ( Figure 4 , Table 1 ). Nutrient enrichment reduced the content of soluble phlorotannins in both growing and nongrowing thalli ( Figure 4 , Table 1 ). However, nutrient enrichment did not have a significant effect on the content of cell-wall-bound phlorotannins in either type of thallus ( Figure 4 , Table 1 ). Algal growth rates, measured in terms of numbers of vegetative apices, did not differ among treatments (final number of vegetative apices in control treatment: 212.0 ± 16.1, N = 9; in nutrient enhancement treatment: 200.5 ± 15.3, N = 10; ANCOVA, initial number of apices as a covariate, nutrient effect: F 1,9 = 0.07, ns). In nongrowing thalli, there was a negative correlation between soluble and cell-wall-bound phlorotannins (Figure 5a ), whereas in growing thalli we found no such correlation (Figure 5b ). There was a positive correlation between the contents of soluble and cell-wall-bound phlorotannins in both nongrowing and growing thallus (Figures 5c and d) .
Effects of Nutrient Shortage and Herbivory on Exudation of Phlorotannins.
Algae growing under control conditions with abundant nutrients exuded phlorotannins into seawater at a rate of 0.49 × 10 -3 % dry weight × d -1 . The amount of exudation varied in three treatments (Figure 6 ; one-way ANOVA F 2,9 = 10.47, P < 0.01). When algae were grazed by Idotea, the amount of exuded phlorotannins was over twice that of the other treatments (Tukey a posteriori comparisons with other groups; P < 0.05). Phlorotannin exudation was not affected by nutrient shortage (Tukey: NS). Soluble phlorotannins did not differ among the treatments in either growing or nongrowing thalli (mean ±SE in control, nutrient shortage and grazing treatments, respectively: 8.0 ± 0.53, 7.8 ± 0.61, 7.9 ± 0.29, ANOVA: F 2,8 = 0.06, P = 0.94). The difference between nongrowing and growing tissue, on the other hand, was significant (8.5 ± 0.34 and 7.3 ± 0.32, respectively; ANOVA: F 1,8 = 8.97, P < 0.05).
DISCUSSION
Alkaline degradation was effective in releasing cell-wall-bound phlorotannins so that they could be quantified; after three consecutive treatments, all detectable phlorotannins were released. Alkaline degradation is also repeatable as judged by the small variance among the three replicates. We cannot, however, exclude the possibility that there may be compounds classifiable as phlorotannins still left in the cell wall due to tight bonding, which were not released by the method. The method used here, however, was more effective than the one of Peng et al. (1991) , implying that it is capable of efficiently releasing cell-wall-bound phlorotannins. We also suggest that the washing treatments prior to alkaline degradation minimize the amount of soluble phlorotannins in the fraction of insoluble phlorotannins (see Salminen, 2003) .
Both the polarity of the extractant and the solubility of the compounds of interest are crucial for the yield of polyphenols, and extraction of different phenolics from different plant material requires different polarities (Waterman and Mole, 1994; van Beek, 2002) . Phenolic compounds are usually most soluble in extractants less polar than water. The general recommendation for extractant selection is a mixture of water and methanol, ethanol, or acetone (Waterman and Mole, 1994) .
The extraction efficiency of a solvent generally increased with increasing polarity. An exception to this trend is 70% aqueous acetone-which was the most efficient extractant, better than expected on the basis of its polarity. It was followed in efficiency by water, the most polar extractant among those tested. It may be that acetone increases the total yield by inhibiting interactions between tannin and proteins during extraction (Hagerman, 1988) or even by breaking hydrogen bonds (Porter, 1989) . In the analyses of proanthocyanidins, monomers and lowmolecular weight compounds can be generally extracted with anhydrous organic solvents, while the addition of water to the extractant increases the solubility of higher molecular weight compounds (Rohr, 2002) . We also found a marked difference between extractions with anhydrous organic solvents and solvents containing water. The solvents most commonly used to extract phlorotannins from F. vesiculosus have been aqueous mixtures of ethanol and acetone (e.g., Ragan and Glombitza, 1986) , and in several studies the efficiencies of different solvents in extracting tannins have been similar to ours (Hagerman, 1988; Keinänen, 1993; Salminen, 2003) . The solubility of most phenolic compounds in polar extractant enables for instance the use of LC-ESI-MS, which requires at least semipolar conditions, to analyze polyphenols (Wang and Cole, 1997) .
Ecological experiments revealed that in both growing and nongrowing tissue of F. vesiculosus, the amount of phlorotannins in soluble form within the cells was greater by approximately an order-of-magnitude than those bound to the cell wall. This is because they are either bound only in very small amounts, or in the process of binding may have been transformed chemically into other compounds that cannot be quantified as phlorotannins. In addition, a part of the phlorotannins passes through the cell wall and is exuded. Although phlorotannins, like other tannins, are terminal products of their synthetic pathway, they can further degrade, for instance, via demethylation, hydration, or oxidation (Strack, 1997) . They may bind temporarily to the cell wall, and then undergo turnover or degradation, e.g., into cell-wall building compounds, complexing with alginic acid. Based on the small amount of phlorotannins found in the cell wall, they seem to play a minor role in cell-wall construction as such; if, however, degradation regularly occurs in the cell wall, they may function as important transitional compounds in cell-wall construction, as suggested by Arnold and Targett (2003) .
In higher plants, it is suggested that phenolic compounds are esterified or etherified into cell-wall components (Lozovaya et al., 1999) , while phlorotannins, due to their structure, may become involved in the cell wall via esterification or a hemiacetal reaction. One suggested function may be in cell-wall hardening (Schoenwaelder and Wiencke, 2000) . Thallus toughness may function as a defense against herbivory (reviewed in Lucas et al., 2000) , but it may also be part of the necessary adaptation to life in the intertidal littoral zone, where on the one hand wave exposure, and on the other periodical desiccation set demands on the structural strength of the thallus.
The lack of correlation between soluble and cell-wall-bound phlorotannins in growing parts of algae may be an indication of active phlorotannin production. In growing parts, phlorotannins are produced intensely, probably in the cytoplasm or chloroplasts like other phenolic compounds, and subsequently stored in physodes (Schoenwalder, 2002) . Although phlorotannins are both exuded and bound to the cell wall, the high rate of production may explain the excess of soluble phlorotannins.
We assume that phlorotannin production does not stop as the thallus gets older. Rather, production decreases because of the thickening of the thallus and the consequent decrease in photosynthesis. A trade-off develops when phlorotannins are bound to the cell wall and soluble phlorotannins are no longer effectively replenished by synthesis. However, it is worth noting that the levels of both soluble and cell-wall-bound phlorotannins remain higher than those in actively growing parts. On the other hand, phlorotannins can differ qualitatively at different stages of age: in young thallus, they may be rather short oligomeric forms. As the thallus ages, they may polymerize into longer and more complex forms, which may be more difficult to degrade or exude through the cell wall. Disappearance of soluble phlorotannins from cytoplasm happens rather fast, which is primarily explained with excretion and incorporation into the cell wall (Arnold and Targett, 2000) . Detailed information, however, awaits the development of a suitable chromatographic method for separating individual phlorotannin oligomers and polymers.
Nutrient enrichment had an effect only on soluble phlorotannins, indicating that phlorotannins bound to the cell wall may be relatively stable with respect to environmental variation. A constant and minor amount of phlorotannins appear to be bound to the cell wall, regardless of the amount produced, which varies with environmental conditions. Nutrient enrichment decreased the amount of soluble phlorotannins. While such a nutrient effect is often explained by an increase in growth at the expense of allocation to the production of soluble phlorotannins, this was not the case in our experiment, since growth rate was not affected. In throughflow mesocosms, nutrient enrichment commonly leads to increased growth of epibiota (Honkanen and Jormalainen, unpublished data; Jormalainen et al., 2003) ; this, in turn, causes shading and may thereby explain the decrease in phlorotannin production. As such, the dynamic behavior of soluble phlorotannins together with the relative stability of cell-wall-bound phlorotannins supports an approach that uses soluble phlorotannins as the basis for studying phlorotannin plasticity.
There was considerable variability among individuals in the contents of both soluble and cell-wall-bound phlorotannins; some individuals have a concentration only half that in others. Variation in the contents of soluble phlorotannins is to a large extent genetic (Jormalainen et al., 2003) , but variation in cell-wallbound phlorotannins has never been measured. Since soluble and cell-wall-bound phlorotannins were not positively correlated, higher production does not necessarily mean a thicker cell wall. The variation in the contents of cell-wall-bound phlorotannins seems to be due to different causes and it may be related to genetic or phenotypic variation in cell-wall characteristics. When there was a large amount of phlorotannins-soluble or cell-wall-bound-in growing parts, there was also a large amount in nongrowing parts.
In all of our treatments, we found exudation of phlorotannins into the water. The amount of exudation was not affected by nutrient shortage. Since a shortage of nutrients may slow the growth rate and increase the amount of secondary metabolites (Herms and Mattson, 1992) our result suggests that a diminished need of phlorotannins for cell-wall construction would not lead to an increase in their exudation. The amount of exudation may be relatively independent of the growth rate, for instance if exudation also takes place in the old, nongrowing thallus that comprises a major part of the algal biomass. However, exudation did increase compared to the other treatments when the alga was grazed by Idotea. There are two possible explanations for the increase. The feeding process may induce an indirect defense in algae, i.e., increased excretion of phlorotannins into the water. By indirect defenses, plants reduce losses to herbivory by facilitating the enemies of herbivores (Karban and Baldwin, 1997) . There is evidence from terrestrial plant-herbivore systems for indirect defenses based on volatile plant metabolites (reviewed in Sabelis et al., 1999; Dicke and van Loon, 2000; Dicke et al., 2003) . Alternatively, phlorotannins end up in the water without any induction in the alga, as a consequence of the breaking of the surface, chewing action, or digestion of Idotea. In both cases, the consequence of herbivory is an increase in exudation, and it is possible that predators or other plants use exuded phlorotannins as a signal of the presence of herbivores. If the defense were induced, however, we would expect an increase in phlorotannin production, and also in the level of soluble phlorotannins found in the algae. The content of soluble phlorotannins found in both growing and nongrowing parts of the alga, however, showed no change, thus supporting the latter explanation.
In summary, the quantification of phlorotannins from F. vesiculosus revealed only a small amount bound to the cell wall, while the bulk was found in soluble form in the cytoplasm. This suggests that the chemical role of phlorotannins is mainly secondary; in other words, there is no evidence for a role as primary metabolites, but they may have adaptive functions in interactions with other organisms or the abiotic environment. Phlorotannins, after degradation, may become part of the cell wall, and thereby have a function as primary metabolites, but at least quantitatively this is minimal. If, however, degradation to other, nonphenolic compounds occurs commonly in binding to the cell wall, this conclusion needs reassessment. Clarification of the biosynthetic pathway of phlorotannins, the enzyme systems involved, and the turnover and degradation processes is needed before our understanding of the functional role of these compounds is complete.
